Abstract. The main problem of automation consists in the unity of the solution of two tasks: the definition of the control object model (identification) and the design of the controller (regulator) for the object on the basis of this model. To the great regret, in most cases the calculated regulators in the system together with real objects behave completely differently than they should, according to the calculation results. The problem is that when identifying is inevitable, the model of the object is determined with an error. First, as a rule, the mathematical expression of the model of the object is adopted in a more simplified form than is actually the case, since the model of any object, even the most simple one, in practice, if to take into account all its features, is extremely complicated. Second, identification methods rely on measurement results, and any measurement is inevitably carried out with inaccuracy, and therefore the coefficients of the mathematical model are not determined accurately. Third, the parameters of a model of even an almost stationary object can, in the course of its functioning, vary somewhat in time, either depending on the prescribed equilibrium point, or depending on external conditions. Most often, this problem of the discrepancy between the results of calculation of actual results is either ignored in publications or solved by improving the form of the transient process to the desired by iterative way, that is, experimentally, on the basis of primitive algorithms or intuitively. This situation should be considered unsatisfactory. To eliminate this negative phenomenon, it is proposed to forcefully limit the speed of the obtained model of the object by introducing an additional delay link, and then use the new obtained model to calculate the regulator. One of the most effective methods of calculation is the method of numerical optimization. This paper gives example of the successful use of the proposed method, which proves its effectiveness.
Introduction
The paper proposes technical solution which can be used to calculate the regulators for digital or analog systems with feedback to control various physical values (temperature, pressure, speed, etc.) in the conditions of external disturbances used in industry and in scientific research.
Precise control of dynamic objects is relevant in many branches of industry, engineering, technology and science. These problems are typically solving with the help of systems with feedback, in which changes in the input control signals arriving at the object are performed to ensure the required value of the output signals of the object. Here, the output signal can be any physical value. Such feedback systems work successfully only with a properly designed regulator. For the design of the regulator, it is required to know the mathematical model of the object, which, as a rule, is determined experimentally. The design of the regulator consists in choosing its structure and calculating the regulator coefficients for this structure. The regulator coefficients can be calculated by the numerical optimization method. For this purpose, mathematical model of the object is used to optimize the regulator coefficients. Regulator and object model composite virtual system. Optimizing software simulates this system operating and analyzes the cost function. This software finds the regulator coefficients which provide the minimal value of the cost function. The calculated coefficients are then used in real regulator to forms feedback system together with the object. Figure 1 shows the typical structure for optimization of regulator coefficients. This structure works as follows. The simulation software, for example VisSim, performs a multiple simulation of the action of the specified structure. In this case, the input signal V, should be changing, for example, as step jump. It is applied to input of the system. , is fed to the input of the structure, which is the positive input of the subtractor. The system models acts in simulation equally to the action of real model containing real object and regulator with feedback loop. Software uses start values of the regulator coefficients, and analyzes the resulting transient responses. For this the cost function depending on the transient response is calculated. For example, the cost function can be integral of the module of error in the system:
Disadvantages of Traditional Methods of Regulator Optimization
Then the optimizer generates the new values of the regulator coefficients according to the given algorithm, analyzes new value of F COST and repeats this operations until the finish conditions will occur. These conditions can be finished limit of attempts or sufficiently small difference between the new results and earlier results. Using any of the methods of multidimensional optimization, for example, the Powell method, and the optimizer searches for such values of the regulator coefficients that ensure the minimum value of the cost function. These coefficients are the result of applying of the object model to optimize the feedback system. These coefficients are extracted from the memory of the optimizer and used in real regulator. If the model of the object is determined quite accurately, then the system works with the same quality and accuracy indicators that were achieved in modeling with the use of this model. Thus, the problem is seemed to be solved.
The disadvantage of such a system is the loss of stability when the high-frequency part of the object model is not accurately measured. An inadequately defined high-frequency part of the object model can lead to loss of stability of the system, for which the regulator is calculated by the optimization method using the considered structure of the model for optimization of the feedback system [6] [7] [8] [9] . The paper proposes on the base of the preliminary researches [1] the use of modified model of the object. In this case the result can be more adequate when used with the real object. The proposed decision solves the problem of maintaining stability when the high-frequency part of the object model is not accurately measured.
The Proposed Technical Solution
The task is solved by the fact that an element with a limited speed (ELS) is introduced into the structure of the model for optimization of the system. It is placed between the output of the regulator and the input of the object model [2] . This technical solution is necessary addition to the solutions proposed earlier in the work on this direction [3] [4] [5] [6] . In this case, the element with a limited speed can be performed as an element of delay. Also, the element with limited speed can be performed as a sampling-storage device with a pulse generator connected to its clock input or as a low-pass filter. Nevertheless, preliminary studies have shown that it is the introduction of the delay link that is most effective for these purposes. The proposed structure is shown in Fig. 2 . All elements of the structure of the model for optimizing the feedback system can be implemented programmatically, for example, using the appropriate blocks in the VisSim program [6] . The proposed structure of the model for optimizing the feedback system works as follows. A simulation program, for example, VisSim, implements a multiple simulation of the action of the specified structure. At the input of the structure, which is the positive input of the subtractor 1, the input signal V is fed in the form, for example, of a step action. The negative input of this subtractor 1 receives the signal Y from the output of the model of object 3, which is also the output signal of the model structure for optimization of the feedback system. The subtractor 1 calculates the difference between these signals V and Y, called error E. The error is converted by the regulator 2 into the control signal U, which enters the input of the object model 3 through ELS 6. At the first simulation, the optimizer of regulator 5 inscribes in advance the preset starting regulator coefficients. When modeling the work of a structure, the error E decreases over time if the structure modeled by the structure is stable or increases if the system modeled by the structure is unstable and stability depends on how much the regulator 2 coefficients correspond to the model of object 3 along with ELS 6. Due to the introduction of ELS 6 in series with the model of object 3, the requirements for calculating the coefficients of regulator 2 are increased, and the names on they control 2 should provide a model system stability under the most poor frequency properties of the model 3 of the object (subject to the action of ELS 6), starting from some high frequencies. Therefore, the optimizer looks for such factors of regulator 2 that will ensure the stability of the system with the model of object 3 in conjunction with ELS 6. If the system is stable under these conditions, then in the absence of ELS 6 the system will also be stable, ELS 6 only worsens the margin of stability.
If the model of object 3 is not defined accurately in the high-frequency region, then, as a rule, the high-frequency part of the model is set by extrapolating the amplitude-frequency characteristic, that is, additional elements with insufficient speed are not detected, and they do not enter the model of object 3. In the real object, the presence of these undetected additional elements with insufficient speed would have led to a loss of stability if in the structure of the model for the optimization of the feedback system no additional ELS 6. But since ELS 6 is additionally introduced into the structure, the result of optimization is the found coefficients of regulator 3, which ensure the stability of the system modeled by the structure even in the presence of this ELS 6. Therefore, when using the obtained coefficients in the regulator in conjunction with the object the system remains stable, as in the case of the absence in the object of undetected additional elements with an inadequate speed, and in the case of their presence.
A Numerical Example
To illustrate the method, let consider an object whose mathematical model is defined as a transfer function of the form 
Z
Here s is the argument of the Laplace transform; the transfer function describes the ratio of the output signal to the input signal in the region of the Laplace transform.
Let suppose that this model (1) does not accurately describe the true frequency properties of the object, in fact, the object may have a low-frequency filter and (or) a delay link with a small time constant, for example, from 0 to 0.2 s. We will calculate the PID regulator using the structure shown in Figure 3 , in the program VisSim.
When using the prototype structure (Figure 1) , as a result of optimization, we obtain a regulator with the coefficients of the proportional, integrating and derivative channels, respectively: K P = 18.5; K I = 0.614; K D = 14.7. The transient process in such a structure with such a regulator is shown in Figure 4 by line 1, it does not contain overshoot.
Let suppose that there is an unidentified aperiodic link in the object with a time constant of 0.8 s. Then the actual transfer function of the object will have the following form:
In such a system with a regulator calculated in this way, the transient process contains a overshooting about 5%, there are oscillations in the system, as shown in Figure 4 by the line 2. There may be an unaccounted filter of a higher order in the object, which will aggravate the situation. For example, let consider the situation when the fourth order filter is not taken into account in identification, and the real model of the object has the following form:
The transient process in such a system has the form shown in If there is an undetected delay element in the object, then in such a system with the regulator calculated in this way, the transient process also contains overshoot. If the system has both these unaccounted elements, the overshoot will increase. To use the proposed method, we introduce a delay of 0.5 s into the model of the object. Thus, we will calculate the regulator for an object whose transfer function has the following form: The structure for optimizing the regulator is shown in Figure 6 . When using the proposed structure we obtain as a result of optimization a regulator with coefficients of proportional, integrating and derivative channels, respectively: K P = 6.906; K I = 0.534; K D = 6.14. The transient process in the structure under these conditions is shown by line 1 in Figure 7 , it has no overshooting. If the object is actually described by the transfer function (2), then the transient process in this case will have the form shown by the line 2 in Figure 7 . This process has a single slight overshoot of about 8%, but quickly damps. If the transfer function of the object actually has the form (3), then the process in the system is shown by line 3 in Figure 7 . The adjustment is about 13%, the process quickly damps. If the transfer function was in fact determined quite accurately, that is, corresponds to the relation (1), then using the relation (4) does not lead to problems. In this case, the transient will have the form shown by line 2 in Figure 8 . This process is smoother, although there is a 3% overshoot. Suppose that the inertia of the unaccounted filter is higher. For example, consider the case where the actual model of an object has the following form: 
When using a regulator calculated by the traditional method, the system becomes unstable. The corresponding transient process is shown in Figure 9 by line 2. If the proposed method is used, then the system will remain stable. The corresponding transient process is shown by line 1 in Figure 9 , it can be seen that the overshoot did not exceed 20%, i. e. the system remained operational. Naturally, if the unaccounted element is a delay link, then the transient process will be exactly the same as expected, because when optimizing the model, the delay link is additionally introduced. This result is not given, because it is trivial: if the conjecture about the features of the model of the object is fully confirmed, it is clear that this conjecture is justified. Figure 9 . Transients in the presence of two filters of the second order of the form (5), in two cases: line 1 is process with the regulator calculated using the proposed technique (the system remains stable), line 2 the same using the traditional technique (the system loses stability).
Conclusion
Thus, the proposed technical solution meets its goal of maintaining stability when the high-frequency part of the object model is not accurately measured. This decision has a deep physical meaning. Any real object has many speed limits, it cannot be described by a first or second order filter as object model, since with increasing frequency the transfer function does not asymptotically approach zero, but simply breaks off, starting with some frequencies. Put into the model some additional inertia means artificially limit the frequency band, to which the optimization procedure seeks. Another possible version of this solution, consisting in using an additional high-order filter, was not so effective. Thus, the hypothesis that there is a delay link in the object is justified even if there is no such a link in the object, if there is a filter of low frequencies of any order in it and if there is a combination of all these factors. The hypothesis about the presence of a filter is not so effectively justified if in fact there is a delay link in the object, or if the filter order is much higher than expected. The worst hypothesis is the assumption that the object does not have any unaccounted elements that reduce its speed. It is this worst way that traditionally is used in most publications, i.e. to calculate the regulator by an analytical method or by the numerical optimization method, the model that is obtained during identification is used. Some authors do even worse: they simplify the model, thereby artificially increasing its speed in comparison with its actual characteristics. Naturally, in this case the result obtained, which is excellent in modeling, is not reproduced at all with the actual use of the calculated regulator. The obtained result is especially important for precision feedback control systems [6] [7] [8] [9] .
